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Wavefront beaconAdaptive optics combined with visual psychophysics creates the potential to study the relationship
between visual function and the retina at the cellular scale. This potential is hampered, however, by
visual interference from the wavefront-sensing beacon used during correction. For example, we have pre-
viously shown that even a dim, visible beacon can alter stimulus perception (Hofer et al., 2012). Here we
describe a simple strategy employing a longer wavelength (980 nm) beacon that, in conjunction with
appropriate restriction on timing and placement, allowed us to perform psychophysics when dark
adapted without altering visual perception. The method was veriﬁed by comparing detection and color
appearance of foveally presented small spot stimuli with and without the wavefront beacon present in
5 subjects. As an important caution, we found that signiﬁcant perceptual interference can occur even
with a subliminal beacon when additional measures are not taken to limit exposure. Consequently, the
lack of perceptual interference should be veriﬁed for a given system, and not assumed based on invisibil-
ity of the beacon.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Adaptive optics correction of the eye’s aberrations allows
imaging and presentation of visual stimuli with spatial detail as
ﬁne as single retinal receptors (as described ﬁrst by Liang, Wil-
liams, & Miller, 1997; and as reviewed recently in Rossi et al.,
2011), creating the potential to probe the neural limits on vision
and the relationship between visual function and the retina at this
same scale (e.g. Hofer, Singer, & Williams, 2005; Makous et al.,
2006; Rossi & Roorda, 2010; Sincich et al., 2009). However, this
potential is hampered by visual interference from the wavefront-
sensing beacon used during correction of aberrations. To reduce
this interference, most current vision science adaptive optics sys-
tems use near infrared wavefront-sensing beacons, ranging from
780–850 nm (e.g. Artal et al., 2010; Chen et al., 2007; Guo,
Atchison, & Birt, 2008; Guo et al., 2012; Li et al., 2009; Murray
et al., 2010; Rossi & Roorda, 2010; Sawides et al., 2011). However,
even at these wavelengths, the required powers (5–65 lW at thecornea) are high enough that the beacon is visible and disruptive in
most psychophysical tasks.
Two strategies are commonly used to mitigate the impact of the
beacon. One is to turn it off after the initial aberration correction,
leaving the mirror static during stimulus trial blocks (e.g. Dalimier,
Dainty, & Barbur, 2008; Liang, Williams, & Miller, 1997; Marcos
et al., 2008; Yoon & Williams, 2002). While this strategy com-
pletely avoids interference from the beacon, such static, or ‘open-
loop’, aberration correction is suboptimal (Diaz-Santana et al.,
2003; Hofer et al., 2001a; Hofer et al., 2001b) and not sufﬁcient
for evaluating the ﬁnest retinal and neural limits on visual
function.
Another strategy is to correct aberrations dynamically with the
beacon displaced from the location of the visual stimulus (e.g. Chen
et al., 2007; Dalimier & Dainty, 2010; Guo, Atchison, & Birt, 2008;
Hofer, Singer, & Williams, 2005). While this strategy allows excel-
lent optical correction, so long as the distance between the beacon
and stimulus is on the order of 1 or less (Bedggood et al., 2008),
even a dim, displaced beacon can signiﬁcantly impact perception.
For example, Hofer et al. (2012) found that a 1 lW, 840 nm beacon
caused signiﬁcant shifts in red-green appearance for small point
stimuli, similar to those previously described for large stimuli
when using colored ﬁxation targets (Jameson & Hurvich, 1967).
Here we describe a simple strategy for eliminating the impact of
the wavefront-sensing beacon on both detection and perception of
visual stimuli that requires only minimal changes to the standard
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beacon with a longer wavelength source. Interestingly, when test-
ing this modiﬁed system conﬁguration, we discovered that the
beacon can still interfere with the perceived appearance of visual
stimuli, even when dim enough that subjects say they are unable
to see it. While investigators should be aware of this potential
interference, we’ve found it can be eliminated with careful restric-
tion on beacon exposure and placement.
2. Methods
2.1. Wavefront sensor and adaptive optics system
We modiﬁed an existing adaptive optics system (Hofer et al.,
2012) to accommodate a long wavelength 980 nm beacon (super
luminescent diode, SLD, QPhotonics LLC) instead of the original,
more typical, 840 nm beacon (SLD, Volga Technology Ltd.). Fig. 1
describes the current system.
The beacon wavelength was intended to be long enough to not
disturb or impact vision, yet short enough for accurate wavefront
sensing and correction with our existing wavefront camera.
(Wavefront sensing accuracy decreases with wavelength despite
the relative constancy of the eye’s higher order aberrations
(Fernandez & Artal, 2008), due to the effects of increased scatter
and diffraction on the localizability of the Shack-Hartmann spots.)
Therefore, we considered the following factors: the quantum efﬁ-
ciency of the existing wavefront sensing camera (PhotonMAX
512, Princeton Instruments, Trenton, NJ – Fig 2), the eye’s spectral
sensitivity (Baylor, Nunn, & Schnapf, 1987; Fig 2), and the increase
in Shack-Hartmann spot position error as spot size increases with
diffraction at longer wavelengths, Hardy, 1998).
We estimated visual and wavefront sensor sensitivity at longer
wavelengths from measurements of the dark-adapted visual
threshold for a continuously viewed 840 nm beacon (two subjects,
method of adjustment) and the minimum power required for sat-
isfactory adaptive correction, given the following assumptions:Retinal
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Fig. 1. Adaptive optics system for psychophysics and imaging. Aberrations are measured
a thermoelectrically-cooled, electron-multiplying, charge-coupled device (EMCCD) came
array (Adaptive Optics Associates), coupled with a 97-channel deformable mirror (Xine
7.26 mm in the pupil plane. The beam splitter (BS, top right) transmits infrared light for w
Computerized shutters (S) in pupil conjugate planes (P) control timing and exposure dur
pupil (P) is set at 6 mm. To reduce defocus measured at the wavefront sensing camera
bottom right). Longitudinal chromatic aberration between wavefront-sensing and stim
(upper left). Fixation target (far right) and stimuli (OLED or point stimuli) are seen thro1. Retinal reﬂectance (Berendschot et al., 2010) and ocular trans-
mittance (Boettner & Wolter, 1962) are relatively constant with
wavelength in this regime.
2. Visual threshold decreases 2.3 log units per 100 nm (extrapo-
lated from Baylor, Nunn, & Schnapf, 1987).
3. Higher order ocular aberrations are relatively constant with
wavelength (Fernandez & Artal, 2008).
4. A proportional increase in beacon power with wavelength off-
sets the impact of increased Shack-Hartmann spot position
error maintaining a constant wavefront sensor signal to noise
ratio.
While some of these assumptions are simplistic, we considered
them a reasonable starting point given the level of uncertainty
associated with several of the relevant factors. For example, the
relative balance of visual and wavefront sensor sensitivity depends
on both ocular transmission and retinal reﬂectance. While ocular
transmission is known to vary with wavelength, with a relatively
narrow dip in transmission near 980 nm and then decreasing more
sharply after 1300 nm (Boettner & Wolter, 1962), the behavior of
retinal reﬂectance is less clear, with previous data suggesting both
increases and decreases with longer wavelengths, perhaps depend-
ing on the level of pigmentation (e.g. Elsner et al., 1996; van de
Kraats, Berendschot, & van Norren, 1996; Zagers et al., 2002). The
role of retinal reﬂectance is further complicated as the penetration
depth increases with wavelength, resulting in reﬂection from mul-
tiple layers, which may impact both wavefront sensitivity and vi-
sual sensitivity.
Fig. 2 shows the estimated thresholds of the human eye and our
adaptive optics system incorporating these assumptions for near
infrared wavelengths. The point where the adaptive optics system
sensitivity function crosses the human eye sensitivity function,
980 nm, is the shortest beacon wavelength predicted to allow
accurate wavefront sensing without being visible to a dark-
adapted subject.R
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and corrected in closed-loop with a Shack–Hartmann wavefront sensor consisting of
ra (PhotonMax 512, Princeton Instruments) and a 24 mm focal length micro-lenslet
tics). Lenslet spacing is 0.4 mm and the clear aperture of the deformable mirror is
avefront sensing (>900 nm) and reﬂects visible light for imaging or stimulus display.
ation of all light sources. During adaptive optics psychophysics and retinal imaging
subjects use a stabilizing bitebar mounted on a translating Badal optometer (eye,
ulus/imaging wavelengths is corrected by adjustment of a focus correction slider
ugh Maxwellian view with unit and 3.33 magniﬁcation, respectively.
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Fig. 2. Estimated sensitivity of the human eye and adaptive optics (AO) system at near infrared wavelengths. The point where the WFS camera sensitivity function (solid
curve) crosses the human eye sensitivity function (dashed curve) is the shortest wavelength at which WFS is predicted to become possible for beacon powers below visual
threshold. The inset compares photopic quantum efﬁciency of the human eye (dashed curve – normalized to unit peak efﬁciency) to that of our current wavefront sensing
camera (solid curve - normalized to unit peak efﬁciency).
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it necessary to increase the wavefront-sensing camera exposure
time from 30 to 100 ms (system rate of 9.1 Hz) and decrease
the loop gain, or the fraction of the residual aberration compen-
sated for on each iteration of adaptive correction, from 0.3–0.4 to
0.15–0.25 to compensate for the reduced camera efﬁciency and in-
creased spot position noise. Five to eight iterations were typically
required for a total correction time of 600–900 ms.
With these parameters effective correction (rms < 0.1 over a
6 mm pupil) still required 11–14 lW at the eye’s pupil, 2–3 times
more power than predicted (6–9 times more than predicted when
also considering the increased exposure time). The larger required
power may be due in part to our failure to accurately account for
the wavelength dependence of ocular transmittance. However,
the measured and predicted visual thresholds at 980 nm were ex-
tremely close (4.3 vs 4.8 lW at the cornea, Subject 4, method of
adjustment), suggesting that any decrease in ocular transmittance
is offset by increased retinal reﬂectance, at least some of which is
visually effective.
At these powers, the 980 nm beacon was invisible in the light-
adapted retina but was still somewhat visible to most subjects
when dark-adapted and displayed in a dark visual ﬁeld. For exam-
ple, the required powers were 0.4–0.5 log units above Subject 4’s
dark-adapted visual threshold for continuous viewing. The beacon
generally appeared as a small red spot when ﬁxated, but some-
times appeared as a more diffuse gray spot when off the visual axis.
This diffuse gray appearance may possibly reﬂect the activity of
rods, the two-photon/second-harmonic generation effect (where
light of one half the beacon wavelength is created and potentially
seen, Zaidi & Pokorny, 1988), or both. We discuss potential inter-
ference from half wavelength generated light when using longer
wavelength infrared beacons further in the Discussion.2.2. Psychophysical assessment of visual interference
2.2.1. Subjects
A total of ﬁve subjects participated, subjects 1 and 2 were cho-
sen because the original 840 nm wavefront-sensing beacon was
known to impact their color reports in a prior study (Hofer et al.,
2012), while subjects 3–5 were new recruits. Subjects 1 and 4 were
the authors and subjects 3 and 5 were practiced psychophysical
observers naïve to the purposes of this study. Subjects 1 and 3 werefemale and subjects 2, 4, and 5 were male. All subjects had normal
vision correctable to at least 20/20 and normal color vision as as-
sessed by the Hardy-Rand-Rittler 4th edition pseudoisochromatic
plates (Richmond Products, & Albuquerque, NM; Crone, 1961;
Hardy, Rand, & Rittler, 1954). The research followed the tenets of
the Declaration of Helsinki and all subjects gave informed consent
after an explanation of the study procedure and any possible risks.
All study procedures were approved by the Institutional Review
Board of the University of Houston.2.2.2. Experimental stimuli and procedures
We assessed whether the 11–14 uW 980 nm beacon interfered
with visual perception by comparing color appearance for thresh-
old foveal point stimuli with and without the beacon present in
three different experimental scenarios, described below.
For all scenarios, stimuli were created by either illuminating a
25 lm pinhole (subtending 0.20) with a white light emitting
diode (LED) or with a white light organic LED microdisplay
(EMA-100503 SXGA Monochrome White XL Microdisplay, eMagin
Corporation, Bellevue, WA). Stimulus wavelength of 580 nm was
chosen based on previous research (Cicerone & Nerger, 1989; Kra-
uskopf & Srebro, 1965) to maximize variability in color appearance
and was controlled with a narrow band (10 nm bandwidth) inter-
ference ﬁlter. We sought to determine the impact of the wavefront
beacon on color appearance by comparing color-reports with the
beacon present to when the beacon was absent. Since adaptive cor-
rection of the eye’s aberrations cannot be achieved without the
wavefront-sensing beacon, stimuli in both conditions were dis-
played without adaptive optics with the adaptive mirror in a ﬂat-
tened state (i.e. conventional refraction) through a 2 mm artiﬁcial
pupil. A longer duration was required with the microdisplay
(30 ms) than the LED (6 ms). The LED was used by subjects 1, 2,
and 3 in the third experimental scenario. The microdisplay was
used by all subjects in the ﬁrst two experimental scenarios. Color
ratings with the LED and microdisplay stimuli, for subjects who
used both (subjects 1, 2, and 3), differed only in the mean yel-
low-blue direction in a manner consistent with typical intra-sub-
ject variation across days.
Stimuli were monocularly presented to the central fovea after at
least 10 min of dark adaptation in an otherwise completely dark vi-
sual ﬁeld, save for 2 dim ([0.01 cd/m2), broadband white ﬁxation
dots, vertically separated by 2.25 (Fig. 1) and presented in
Fig. 3. Uniform Appearance Diagram (UAD) illustrating typical variation in
appearance of monochromatic (580 nm), threshold (20–85% seen), foveally viewed
point stimuli for one subject (subject 1). The green minus the red rating (after the
arcsine transform) is plotted versus the yellowminus the blue rating for each of 464
seen stimuli. Stimuli rated as purely white fall at the origin, while stimuli rated as
purely colored (saturated) lie along the edges (diagonal lines) of the diagram. The
weight of each point indicates the number of stimuli with that rating, with the
darkest points representing the most stimuli. The variation in color appearance
reported by this subject is typical, with stimuli generally varying in appearance
along an orange-bluegreen axis and infrequently, or rarely, appearing yellowgreen
or violet.
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dim white dots on all trials and the non-test eye remained dark-
adapted. No dilating agents were used and subjects wore their
habitual spectacle correction, or were corrected with either trial
lenses and/or by translating a movable stage in a Badal optometer.
We performed three variations of the same experiment to
assess the impact of the longer wavelength (980 nm) wavefront-
sensing beacon on reported color appearance of dim, monochro-
matic, point stimuli. In the ﬁrst scenario the beacon was present
in the visual ﬁeld, displaced horizontally 1 from the center of ﬁx-
ation and stimulus presentation. In the second scenario the 980 nm
beacon was continuously displayed and co-localized with, or
masked by, the uppermost ﬁxation dot (i.e. 1 above the center
of ﬁxation and stimulus presentation). In this second scenario the
wavefront beacon was generally not visible (even after dark adap-
tation) when ﬁxating in between the two white ﬁxation dots. In the
third scenario the 980 beacon was co-localized with the uppermost
ﬁxation dot, but exposure was limited by an electronic shutter to
the wavefront-sensing interval (i.e. duration <1 s immediately pre-
ceding stimulus presentation on each trial), which further reduced
visibility. The shutter was not used with the ﬁrst scenario as shut-
tering the visible beacon was found to be highly distracting.
For each scenario subjects performed randomly intermixed
blocks of trials with the beacon either present or absent over the
course of 1 or 2 days. Blocks consisted of up to 80 trials and in-
cluded 5 intensity levels (including blanks) spanning the psycho-
metric function, with typically 400–500 trials completed per
condition. The number of trials reﬂects the typical number in an
adaptive optics color experiment. Stimulus timing and intensity
were controlled by a custom Matlab program (The Mathworks, Na-
tick, MA) incorporating Psychophysics Toolbox routines (Brainard,
1997; Pelli, 1997).
Subjects rated color appearance with the 5 color name method
described by Hofer et al. (2012) and Koenig and Hofer (2012).
Brieﬂy, subjects were instructed to rate seen stimuli according to
hue and saturation, and not brightness, by distributing 10 key
presses among ﬁve categories: white, green, blue, yellow, or red;
in any manner they felt best reﬂected the appearance of the stim-
ulus on each trial (Koenig & Hofer, 2012). For example, a stimulus
appearing saturated green would be rated by placing all 10 key
presses in the green category, whereas a moderately desaturated
orange might be rated as 3 red, 2 yellow, and 5 white. Subjects
used a separate ‘I don’t know key’ to report any ‘colorless’ or ‘inde-
scribable’ stimuli (Bouman &Walraven, 1957; Hofer, Singer, & Wil-
liams, 2005; Krauskopf, 1978), and we excluded these responses
from color analysis. Subjects were excused from rating color
appearance for stimuli that were not seen. Trials were self-paced
and subjects entered ratings with a small handheld numeric key-
pad. The response process included numerous safeguards to pre-
vent or identify response errors as previously described (Hofer
et al., 2012; Koenig & Hofer, 2012).
Since detection sensitivity can be highly variable over time, and
color naming responses to tiny ﬂashes have been shown to vary
with both stimulus intensity and detection criterion (especially
in the Blue–Yellow color direction; Koenig & Hofer, 2012), we col-
lected data for both conditions of each experimental comparison
on the same day with beacon absent and beacon present trial
blocks alternated within a single test session. Tests of signiﬁcance
(mean difference) were performed only on test and control data ac-
quired within such a session.
2.2.3. Data analysis
The impact of the wavefront-sensing beacon on visual appear-
ance is expected to be greatest for threshold stimuli. For this rea-
son we restricted data analysis to stimuli with frequencies of
seeing between 20% and 85%. Mean ratings were computed foreach subject and condition after performing an arcsine transform
to uniformly distribute variance (Abramov, Gordon, & Chan,
2009). Two-tailed z-tests were used to assess the signiﬁcance of
differences in mean hue ratings across conditions, with results ver-
iﬁed using non-parametric permutation tests (i.e. tests not depen-
dent on normal distribution of the raw color ratings data; Good,
2006; Hofer et al., 2012). We also performed chi-squared analysis
across hue categories and conditions to test for potential differ-
ences in the distribution of color ratings that may not be reﬂected
in the mean ratings.
Data were visualized with Uniform Appearance Diagrams (UAD;
Abramov, Gordon, & Chan, 2009). Fig. 3 shows an example UAD
illustrating the variation in color appearance for repeated 580 nm
foveal small spot stimuli for one subject (subject 1). The variation
in color appearance shown in this diagram is typical of small,
threshold, foveally presented monochromatic stimuli and similar
to that previously reported for the same stimuli, which encompass
roughly 10–20 cones (Hofer et al., 2012; Koenig & Hofer, 2012; Kra-
uskopf & Srebro, 1965). Hofer, Singer, and Williams (2005) have
shown even greater variability with smaller stimuli (encompassing
1–3 cones) presented with adaptive optics correction 1 from the
fovea.3. Results
Two subjects (subjects 1 and 2) participated in the ﬁrst experi-
mental scenario, in which the beacon was displaced horizontally
1 from ﬁxation. Although the 11–14 uW 980 nm beacon was
dim and below threshold in photopic conditions, it was still gener-
ally visible when dark adapted. While the frequency of seeing was
not impacted (two-tailed z-test p-value across subjects = 0.88),
both subjects reported the 580 nm stimulus signiﬁcantly greener
with the beacon present than absent (two-tailed z-test p-values
for mean green–red differences were 0.045 for both subjects, with
104 D.E. Koenig et al. / Vision Research 97 (2014) 100–107signiﬁcance veriﬁed by permutation testing), as shown in Fig. 4.
Despite the marked reduction in the salience and subjective bright-
ness of the beacon, the red-green hue shift was of the same mag-
nitude as found previously for these subjects when the 840 nm
wavefront beacon was present, but not ﬁxated (1, and 1.5 UAD
units for the 980 nm beacon and 1 and 2 units for the 840 nm
beacon for subjects 1 and 2, respectively; Hofer et al., 2012).
Three subjects (subjects 1, 2, and 3) participated in the second
experimental scenario. The 980 nm beacon co-localized under the
top ﬁxation spot (masked) was generally not visible or very subtle
when ﬁxating between the two white spots. As with the ﬁrst sce-
nario, presence of the beacon did not impact the detectability of
the stimulus (two-tailed z-test p-value across subjects = 0.82).
However, as shown in Fig. 5, the 980 nm beacon caused the
580 nm stimuli to appear redder for all subjects, with signiﬁcant
impact for subjects 2 and 3. Two-tailed z-test p-values for subject
2’s mean red ratings and subject 3’s mean green, red, and green–
red ratings were 0.0003, and 0.003, 0.03, and 0.003 (signiﬁcance
veriﬁed by permutation testing). Pearson’s chi-square test across
the ﬁve color categories, with the beacon present and absent,
and with 4 degrees of freedom was signiﬁcant for subject 2 with0%
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Fig. 5. Mean hue is signiﬁcantly redder for two of three subjects (2-circles, and 3-diamon
sensing beacon present (Pr) but co-localized with the top ﬁxation spot (masked), than wit
red, yellow, green, blue, and white; shows increased red and decreased green ratings. (b)
(red) and beacon absent (black) conditions show a redward shift for all subjects that is
represent the mean of all seen spots plus or minus 1 standard error. Note that only thep = 0.0006, and borderline for subject 3 with p = 0.07. These results
are also consistent with our prior report (Hofer et al., 2012), where
we found that the direction of the beacon-related hue shift de-
pended on whether it was located in an area of the visual ﬁeld used
for ﬁxation, or present in the ﬁeld but not ﬁxated. Furthermore, the
magnitude of the color shifts were similar to those we reported
when ﬁxating an 840 nm beacon or using other red ﬁxation targets
(Hofer et al., 2012), despite the fact that 2 subjects (1 and 3) re-
ported that they could not see the 980 nm beacon in this
conﬁguration.
To give a sense of the magnitude of this shift, subject 3’s mean
color ratings correspond to a moderately (40%) saturated orange
with the beacon, but nearly white without [an estimated mean
change in CIExy coordinates from (0.45,0.36) to (0.34,0.34)].
Five subjects participated in the 3rd experimental scenario, in
which the beacon was co-localized with the uppermost ﬁxation
spot and its duration was restricted to the wavefront sensing inter-
val (500–900 ms just prior to stimulus presentation). In this conﬁg-
uration the beacon was not visible when ﬁxating and there was no
signiﬁcant impact on detectability (paired t-test p-value = 0.61) or
color reports for any of the ﬁve subjects. Fig. 6 shows the-5
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Fig. 6. Distribution of color ratings and mean color ratings for stimuli presented in the presence (Pr) or absence (Ab) of the masked and duration-limited wavefront-sensing
beacon for ﬁve subjects. (a) The distributions of color ratings for a 580 nm point stimulus were not signiﬁcantly different whether a 980 nm wavefront-sensing beacon was
present (masked) or absent (shutter closed during stimulus presentation). (b) The mean color ratings for a 580 nm point stimulus were also not signiﬁcantly different whether
a 980 nm wavefront-sensing beacon was present or absent. Data points (subjects 1-circles, 2-squares, 3-diamonds, 4-x’s, 5-triangles) are labeled with subject numbers and
represent the mean of all seen spots plus or minus 1 standard error. Note that only the central portion of the UAD is shown (3,3).
D.E. Koenig et al. / Vision Research 97 (2014) 100–107 105distribution of color ratings and mean hue ratings for all subjects
and Table 1 shows two-tailed z-test p-values for the mean ratings
differences in the green–red directions. Pearson’s chi-square tests
across the ﬁve color categories and two conditions were also not
signiﬁcant for any of the ﬁve subjects, indicating that other aspects
of the distribution of color ratings were not signiﬁcantly impacted
by the beacon for any subject.
Although the beacon did not signiﬁcantly impact reported color
for any individual subject when both masked and presented
brieﬂy, inspection of Fig. 6 and Table 1 show a small red-ward shift
in hue for all subjects. Paired t-tests (p-value 0.04) indicate this
shift in appearance is statistically signiﬁcant in aggregate, although
the magnitude is well within the typical intra- and inter- subject
variation.
Inspection of Figs. 4 and 5 shows that color naming varied
across days, for the same condition (e.g. color naming with the bea-
con absent for those subjects participating in multiple experiment
scenarios), on a similar scale (±1 linear UAD unit) as the differences
in mean color naming response between beacon absent and beacon
present conditions (which were always measured within the same
session) in experimental scenarios 1 and 2. This variability in color
naming may be due in part to variability in detection sensitivity
and criterion (Koenig & Hofer, 2012). The size of this impact is also
comparable to the differences in color naming for tiny adaptive op-
tics correction stimuli across individuals with different cone ratios
reported in Hofer, Singer, & Williams, 2005; where color naming
responses appeared to vary systematically with long- and med-
ium-wavelength sensitive cone ratios and were therefore unlikely
to be attributable solely to criterion differences or context effects.Table 1
Magnitude and two-tailed z-test p-values for the differences in mean color ratings in
the green–red direction with the beacon present vs. absent, when the beacon was co-
localized with the top ﬁxation spot and presented only brieﬂy by shuttering. There
was no signiﬁcant impact on color reports for any of the ﬁve subjects.
Green–red
Difference p-Value
Subject 1 0.053 0.823
Subject 2 0.490 0.067
Subject 3 0.366 0.623
Subject 4 0.076 0.810
Subject 5 0.545 0.277The results of Hofer, Singer, & Williams, 2005 suggest assessing
and controlling for all of these factors will be important when
the intention is to evaluate the relationship between color re-
sponses and cone ratios across different subjects or different reti-
nal areas within a subject. Here, to mitigate the confounding
effect of longer term variations in color appearance judgments on
the evaluation of the impact of the beacon, control (beacon absent)
and test (beacon present) conditions were alternated within a sin-
gle session.4. Discussion and conclusions
Our goal was to enable adaptive optics psychophysics without
altering either detection or perception of psychophysical stimuli,
a requirement for realizing the full potential to uncover the most
sensitive retinal and neural limits on vision. We achieved this goal
by modifying an existing adaptive optics system to incorporate a
long wavelength, 980 nm beacon that was masked by dim, neutral
ﬁxation dots and shuttered to limit exposure to the 500–900 ms
wavefront-sensing interval immediately preceding stimulus
presentation.
As a cautionary note, our data also demonstrate that ‘invisibil-
ity’ of the wavefront-sensing beacon is not a sufﬁcient condition
for eliminating perceptual interference – as color reports were sig-
niﬁcantly altered by the continuous presence of the beacon, even
when subjects said they were unable to see it (as in the second
experimental scenario). Although masking and shuttering the bea-
con eliminated its impact on color reports for each individual sub-
ject, there was still a small, yet statistically signiﬁcant, redward
shift on aggregate. This suggests that, even with this strategy, the
potential impact of the beacon should not be ignored when consid-
ering population data or a large quantity of data (J2500 trials) for
an individual subject. It was also apparent from our data that var-
iability in color responses was an important, potentially confound-
ing factor. That is, evaluation and measurement of the impact of
the beacon on color reports was complicated by longer term vari-
ability in color naming arising in part from variability in both sen-
sitivity and criterion, especially in less practiced subjects. For
future comparisons between color responses in multiple condi-
tions a more elaborate response paradigm, and more careful con-
trol of both sensitivity and criterion, are expected to reduce the
amount of response variability. In their early investigations into
106 D.E. Koenig et al. / Vision Research 97 (2014) 100–107color appearance of adaptive optics corrected stimuli, Hofer, Sing-
er, and Williams (2005) were careful not to draw conclusions from
their data that depended on the absolute color responses, fearing a
potential (yet untested) impact of the wavefront beacon on hue.
Consequently, our current ﬁndings do not alter the conclusions of
their prior study. Rather, we reafﬁrm the importance of under-
standing and controlling the visual impact of the light sources used
to image or achieve optical correction when performing adaptive
optics psychophysics.
Additional solutions for reducing visual interference exist. For
example, an even longer wavelength beacon could be used. Artal
et al. (2012) recently reported successful aberration measurement
and spherical aberration correction with a 1050 nm beacon and
infrared sensitive wavefront camera, and it is possible that beacon
timing and placement would be less critical with this strategy.
However, we were wary of pursuing even longer wavelengths
due to concerns about increased wavefront sensor noise (given
that we did not wish to replace our wavefront camera with an
infrared sensitive model) and the potential for even greater visual
interference from two-photon/second-harmonic half-wavelength
light. The strength of the two photon/second-harmonic effect de-
pends on the speciﬁc spatial and temporal parameters of the inci-
dent light, but generally increases with wavelength (Sliney et al.,
1976; Vasilenko, Chebotayev, & Troitskiy, 1965; Zaidi & Pokorny,
1988).
Another potential option for performing adaptive optics psy-
chophysics without perceptual interference would be to use a
‘sensorless’ correction method (Biss et al., 2007; Booth, 2007),
where optical quality is directly optimized based on some image
quality metric. While we found this strategy to provide excellent
optical correction in a reﬂective confocal system (Hofer et al.,
2011), when we implemented it in the current system, which con-
tains numerous refractive surfaces, irreducible back reﬂections re-
sulted in highly variable correction. Successful implementation of
this method in a refractive system may be possible with custom-
ized anti-reﬂection coatings.
In summary, we have described a simple strategy for eliminat-
ing the impact of the wavefront-sensing beacon on both detection
and perception of visual stimuli that requires only minimal
changes to the standard adaptive optics system conﬁguration.
Importantly, our data caution that even an ‘invisible’ beacon can
signiﬁcantly interfere with stimulus perception. However, this
interference can be eliminated with careful restrictions on beacon
timing and placement.Acknowledgments
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